(1) Self-thinning in a plant population can be described by the path a staild follows over time on a graph of log biomass per unit area v. log density of survivors. Present knowledge of these paths comes from even-aged stands. However, our knowledge is not restricted to stands in which all plants are similar, because a wide range of plant sizes is present in a self-thinning stand. We therefore undertook a series of experiments with radishes in pots in the glasshouse, in which we aimed to create stands with similar overall biomass and density but with different population structures (frequency distributions of plant weight), and to ask whether they followed different paths.
INTRODUCTION
The interrelations of crowding with mortality in a plant stand can be described by the stand's path on a B-N diagram, a graph of log biomass per unit area v. log density of surviving plants (Westoby 1981 ). When crowding is sufficient to cause death, paths run from lower right (high density, low biomass) towards upper left (lower density, higher biomass). A widely accepted generalization about these paths is the self-thinning rule, or power law of self-thinning (Yoda et al. 1963; White & Harper 1970; White 1980;  seen after some a posteriori grouping and interpretation of data, and so ought to be considered a hypothesis rather than a demonstrated result.
METHODS
The experiments were carried out with radishes (Raphanus sativus L.). Experiment 5 used cultivar 'Mars'. All other experiments used cultivar 'Long Scarlet'. Seeds were sown in 25 cm diameter pots filled with sterilized John Innes No. 3 potting compost, slightly modified by substitution of a proprietary fertilizer mix in the formula. The pots were kept in an unheated glasshouse in Sydney, Australia, in square bays with walls 15 cm high and 2 m long, lined with waterproof plastic sheeting. The pots were watered from above until seeds had germinated. Thereafter they were watered by filling the bays with water and subsequently allowing the bays to drain through a hole provided for the purpose. Supplementary nutrients were provided in this water from time to time.
The pots were of black plastic. We painted a proportion of them silver and used these around the edges of blocks, since in earlier work we had found that black pots at edges heated in the sun and the soil they contained dried out faster than centre-pot soil. Details of experiments are shown in Table 1 .
Nearly all seedlings from a given sowing emerged within 2-3 days of each other, at times ranging from 3 to 6 days after sowing, depending on seasonal temperatures. A first harvest was always taken before any mortality due to crowding began. Densities of these and other harvests, with standard deviations, are given on a m-2 basis in Table 2 . Densities at these first harvests were never significantly less than the numbers we had expected to germinate, based on the weighed seed lots for each pot and on estimates of seeds g-'. Therefore failures to germinate and mortality before emergence were negligible.
At each harvest several pots were sampled at random; details of replication and timing of harvests are given in Table 2 . In each pot all plants rooted in a central 12 x 12 cm quadrat were counted. The shoots were either weighed, oven-dry at 60 IC, as a group (whole-stand harvests), or else were pressed individually between sheets of newspaper and oven-dried (individual-plant harvests). These pressed plants could later be weighed individually to obtain a description of population structure. Since we could not know what biomass and density stands had reached until several days after each harvest, we harvested individual-plant pots at a number of stages in most of the experiments. However, we were limited in how many we could actually weigh by the time-consuming nature of the task. We tried to obtain descriptions of population structure at those stages which were necessary to interpret the outcome of the experiments. Details of individual-plant harvests which were actually weighed are given in Table 2 . On occasion pots were affected by pathogenic fungi. These were suppressed with appropriate chemicals, or the pots were removed from the glasshouse. Our criterion was that pots should be discarded when fungi had the effects of creating openings in the canopy, but not merely because fungi could be found on plants which were dying beneath the canopy.
Throughout the experiments, pots of each treatment were kept packed together, forming a continuous canopy. This further reduced edge effects, already diminished by taking only a central quadrat in each pot. Nevertheless, edge effects turned out to be a factor in the experiments, and further steps were taken in some experiments, as will be described below.
Seven experiments were conducted (Table 1) . Experiments 1-4 produced interesting results but proved to have imperfections of method from the point of view of the main question asked in this paper. The Results section therefore concentrates on experiments 5-7. Experiments 1-4 are summarized here so that future workers can learn from our experience.
In experiment 1 we sowed seeds of different sizes to give seedlings of different sizes immediately after germination, as did Stone (1978) . Seeds were sieved into small (passed through 1 7 mm sieve), large (held by 2.36 mm sieve), and medium (2.00-2.24 mm sieve) sizes. At day 6 the frequency distribution of log plant weights was broader in treatment C, constructed as a mixture of particularly large with particularly small seeds, than in either treatment A (unselected seed) or treatment B (selected medium seed) (Fig. 1 ). The differences were not large, however, and treatment C could not be said to contain two peaks. Evidently, selected-large and selected-small seed were not different enough in size, and the correlation between seed size and seedling size was not great enough, to produce distinctly bimodal population structures by this means. The three types of stand behaved similarly on thinning (data in Table 2 ), and over time the small initial difference in their population structures also disappeared (Fig. 1) .
Since in experiment 1 we had not succeeded in creating distinctly bimodal populations by using different mixtures of seed sizes, in experiments 2-7 we created various frequency Table 1 ). For each histogram is given the days after sowing when the harvest was taken, the estimated density of survivors at that time (N) and the number of individually weighed plants from which population structure has been estimated (n).
distributions of seedling weight by sowing unsorted seed in two cohorts, separated by a few days. The first seeds were sown on top of potting mix, covered with a thin layer of vermiculite, and watered lightly from above. The second cohort was sown among the emerging seedlings of the first cohort, and a further light sprinkling of vermiculite was applied. Conditions under the seedlings of the first cohort were moist enough to allow germination of the second cohort with sub-watering rather than top-watering, so it was not necessary to top-water and disturb the canopy of the first cohort. In experiment 2, treatment C (Table 1) produced two distinct peaks in the population structure, but the paths followed by the different treatments on the B-N diagram were not significantly different at any point. In experiment 2, canopies showed some tendency to spread out beyond the area in which the plants had been sown, with stems angling outwards near the edge of pots more than they did near the centre. Therefore in experiments 3-7 we confined canopies within 'socks'. These were cylinders of shade cloth, wrapped around a cylindrical frame of chicken wire. The shade cloth transmitted about 30% of light and was not selective with respect to wavelength. The socks fitted around the rim of the pot, and were moved upwards over the course of the experiment such that the upper rim of the sock was level with the top of the canopy.
Over the first part of experiment 2 the stands lost individuals rapidly without much gain of biomass. This led us to wonder whether all of the stands had been established beyond the boundary represented by the thinning line, with its expected -1/2 slope. If this had been the case, potential differences among treatments might have been overriden by the rapid early mortality associated with returning from beyond the thinning line. Accordingly experiment 3 had treatments with the same general structure as experiment 2, but with somewhat lower initial density. Stands with a distinct cohort of smaller individuals appeared to follow a much higher path on the B-N diagram until that cohort had been eliminated. However inspection of the results from individual replicates showed that those replicates from treatments B and C which maintained unusually high densities for a given biomass level were all from pots which had been at the edge of an experimental block. The cohort of distinctly smaller plants, in conjunction with the low angle of the light in winter, seemed to have produced an important edge effect, even though each pot had a very substantial unharvested edge.
During this experiment we made measurements of incident light inside the canopy (centre of the pot, 3 cm above ground) compared with light flux above the canopy. Penetration was substantially greater into edge pots, but there was no effect of treatment, of mean light flux at the top of the canopy (sunny v. overcast day), or of time of day (sun angle). We therefore hypothesized that there was an interaction, whereby small plants were likely to be in a better light environment in edge pots, irrespective of treatment, but this mattered more in treatments where there was a distinct cohort of smaller plants.
In experiment 4 we therefore varied factorially population structures, and edge v. centre pots. As predicted, the two-cohort treatment in edge pots was aberrant, following a distinctly higher path on a graph of log biomass v. log density. Measurements of light penetration during experiment 4 showed the same pattern as during experiment 3. Therefore in experiments 5-7 some pots were nominated as edge pots at the start of the experiment, and were not harvested; all data come from pots which were maintained close-packed in a central block, surrounded at all times by edge pots.
RESULTS

Experiment S
The treatments produced distinctly different population structures (Fig. 2) . The two-cohort treatments B and C followed higher paths than the control on the B-N diagram (Fig. 3a) . Under one interpretation this could be a consequence of the population structure. However, an alternative interpretation could be that up to the second harvest treatments B and C were continuing to increase in biomass essentially because they were still deploying reserves contained in the seeds. After they became fully dependent on photosynthesis, after harvest 2, their trajectories eventually converged with those of the control.
Experiment 6
In light of experiment 5, experiment 6 was established with the same general design, but with treatments B and C starting with lower biomass-density combinations. A further difference from earlier experiments was that the first cohort was half as numerous in treatment C as in treatment B, but the two cohorts were separated in time by the same amount in treatment C as in treatment B. (Table 1) . For each histogram is given the days after sowing when the harvest was taken, the estimated density of survivors at that time (N) and the number of individually weighed plants from which population structure has been estimated (n). The histograms correspond to the second and third points from the right-hand side of the graphs in Fig. 3a , for each treatment.
As in experiment 5, the two-cohort treatments followed distinctly higher paths on the B-N diagram (Fig. 3b) . This time the result could not be attributed to the two-cohort treatments beginning from a higher biomass-density combination. Although the outcome was similar to that of experiment 5 in that the two-cohort treatments were generally higher than the control on the diagram (Fig. 3a, b) , there were differences. In experiment 5 the paths followed converged towards the end of the experiment, while in experiment 6 no convergence was apparent.
In all the experiments up to this point, the control had followed a path substantially flatter than the -1/2 expected from the self-thinning rule. While the two-cohort treatments in experiment 6 followed a path different from the control, the path they followed was close to that expected of the control. This raised the question whether in experiment 6 and in the previous experiments, the very flat path followed by the control had been a consequence of starting at very high density, with thinning beginning as soon as seedlings were no longer supported by metabolic reserves carried in the seeds. Experiment 7 was directed at testing this possibility.
It is worth noticing that treatments B and C of experiment 6 followed very similar paths despite substantial differences in population structure (Fig. 4) . The population structures were particularly different late in the experiment, when treatment C still had a distinct group of smaller plants presumably derived from the second cohort, while treatment B did not, having begun with a higher density of the first cohort.
Experiment 7
In experiment 7 we established two controls, one corresponding to the controls in previous experiments, and one established at lower initial density. Near the beginning of the experiment the high-density control and the experimental treatment showed the difference in population structure already demonstrated in the earlier experiments (Fig. 5) . The path followed by the low-density control changed direction in the same area as might have been expected from the path followed by the high-density control (Fig. 3c) , confirming that the paths followed by controls had not been artefacts of the high starting densities. In this experiment, unlike experiments 5 and 6, the two-cohort treatment did not follow a path substantially different from the high-density control, nor from the low-density control after mortality began in that treatment.
Overall results
The results of the experiments described above sometimes showed no difference between the paths followed by two-cohort stands compared with one-cohort controls, and sometimes suggested that paths of two-cohort stands were higher, over some part of their length, than controls. Any one experiment is hard to treat statistically because a path cannot be described as a whole, using all the data available, without making assumptions as to its general form. On the other hand if segments of each path are chosen a posteriori for comparisons, the statistics for hypothesis testing are in doubt.
For these reasons we have not attempted to analyse any one experiment in depth with formal statistics, but rather have taken the view that apparent effects of population Table 1 for details). For each histogram is given the days after sowing when the harvest was taken, the estimated density of survivors at that time (N) and the number of individually weighed plants from which population structure has been estimated (n). The histograms correspond to the last four harvests for each treatment, represented by the four data points furthest towards the left for each treatment in Fig. 3b. structure should be considered in relation to variation among different experiments in the behaviour of the controls. Figure 6a shows the controls not only of experiments 5-7 but also of the earlier experiments. These earlier controls were not affected by edge-effects to the same degree as the two-cohort treatments. The variation among controls was very substantial, particularly in biomass at a given density, but also in slope of the paths followed. Variation among controls of experiments 5-7 spanned as great a range as among the earlier experiments. The variation in biomass does not appear to have been related to time of year, and thus to light income (Westoby & Howell 1981 ). In Table 3 the different experiments are ranked with respect to the height of their control's path on the graph of log biomass v log density, and the time of year over which they were carried out is given. The stippled band in Fig. 6a shows a -1/2 slope, which is expected from the self-thinning rule. The lower boundary of the stippling is at log c = 4.4 (in equation 1), suggested as an upper estimate of an overall thinning line by White (1980) , and the upper boundary of stippling is at log c = 5.0, a more recent suggestion (J. White pers. comm., Westoby 1984) . Figure 6a supports the idea (Westoby 1984 ) that we should think of a thinning band, rather than a thinning line, and that pathways are not highly determinate within that band. However, it is not our intention to propose that a thinning band definitely lies between log c values of 4.4 and 5.0. These edges for the stippling in Fig. 6a were Table 1 ). Treatment A was the high-density control population and treatment C was the two-cohort treatment. The histograms correspond to the harvest marked by an asterisk in Fig. 3c . For each histogram is given the days after sowing when the harvest was taken, the estimated density of survivors at that time (N) and the number of individually weighed plants from which population structure has been estimated (n).
chosen so that results of these experiments could be related more easily to other published results. The range of variation among paths followed by controls while thinning can be represented by an envelope outlining the paths in Fig. 6a after substantial mortality has begun. In Fig. 6b the paths followed by two-cohort treatments from experiments 4-centre, 5, 6 and 7 are graphed against the background of that envelope. From Fig. 6b we draw the conclusion that divergences between two-cohort and control stands not only are inconsistent, but also are not substantial relative to the variation among controls themselves. Effects of population structure could, we believe, only be regarded as biologically important if they produced effects which were large relative to unexplained variation among controls.
DISCUSSION
The results described here suggest that our knowledge of the paths followed by stands on graphs of log biomass v log density need not be considered restricted to any particular population structure. Differences between population-structure treatments within an experiment were not large compared with differences between different experiments in the Table 1 ). For experiment 4 the centre control is given. The stippled band shows a -1/2 slope, which is expected from the self-thinning rule; see text for further discussion. (b) Paths followed on a graph of log biomass (g m-2) against log density (m-2) for the treatments in experiment 4 (centre), 5, 6 and 7 with Raphanus sativus (see Table 1 ) which gave the most distinctly two-cohort treatments. The envelope shown outlines the range of paths followed during thinning by the single-cohort controls, from (a). In particular, stands established as two cohorts do not seem to behave substantially differently from stands established as a single cohort. This greatly extends the potential applicability in plant demography of generalizations about stand behaviour on log biomass-log density graphs. It would be worthwhile to investigate the behaviour of crowded forest stands on a self-thinning diagram when both overstorey and seedling components of the population are considered.
On the other hand, these experiments warn against interpreting the self-thinning rule, which is the best-established generalization about the paths followed by stands, in an unduly precise way. White (1980) , by plotting data from many studies on common scales, showed that self-thinning paths from a wide variety of species lay remarkably close to a single overall thinning line. Nevertheless, the bundle of lines he graphed spanned about 6-fold range of biomass at a given density; it was a thinning band rather than a thinning line. The width of the band seems small when seen against the background of the 105-fold range of biomass over which the lines have now been fitted, but assumes more importance in studies of a single species, where paths may only travel over a 10-fold range of biomass or less.
Some of the width of the band can be attributed to light income (Westoby & Howell 1981 Lonsdale & Watkinson 1982) , and some to canopy properties of the species (Lonsdale & Watkinson 1983; Westoby 1984) . The results reported here show about a 6-fold range in biomass at a given density among controls of the different experiments (Fig. 6a) . Only a little of this variation is due to high variation among pots within an experiment. If between-pot variation were responsible, paths from individual experiments would zigzag more violently, and also the standard deviation of individual harvests (Table 2 ) would be larger. The variation among experiments occurred even though all the experiments used the same plant species, the same soil, pot size and watering procedure and the same glasshouse. The biomass level of the path did not seem to be associated with starting point of the path (Fig. 6a) , with season of the year, a surrogate for light income (Table 3) , or with number of the experiment-i.e. with improvements of method (Fig. 6a) . For the moment the differences among experiments must therefore be treated as random variation within a thinning band. Even if a factor can be discovered which explains the differences among experiments, it will remain true that the paths followed under very similar biological circumstances can vary widely within the thinning band.
The controls in the different experiments also followed slopes which over the full span of the experiment were flatter than the -1/2 boundary expected from the self-thinning rule. Several authors ( (Fig. 6a) fairly neatly. However, only experiment 7 could be construed as showing such a bend in its individual path. The data in Fig. 6a could equally well be construed as fitting a model (Westoby 1984) whereby the paths followed by particular species under particular circumstances could vary substantially in slope, but because each is of limited length, all lie within a between-species thinning band, which overall has a slope of -1/2. Under this model the slope followed by radishes under our experimental conditions averaged about -1/4. Our data are sufficient to show that paths do not always follow a slope of -1/2, but are not sufficient to distinguish between the alternative more complicated models.
In experiments 3 and 4 we demonstrated that edge effects mattered more in the two-cohort treatments than in the one-cohort control. It should be appreciated that these were edge-effects that remained after a substantial edge was left, within each pot, around the harvested quadrat. This finding re-emphasizes the importance in pot competition experiments of taking steps to limit edge-effects. Under pot conditions, edge-effects could never be eliminated completely. Indeed, natural field populations usually contain some gaps, and hence some edges. The effect we demonstrated may not be just an experimental inconvenience, but a process with biological significance, particularly in the mixed-aged stands to which we here suggest knowledge of self-thinning can be applied. The effect would matter more in mixed-age than in even-aged stands for two reasons: first because penetration of light under the edge of a canopy appears to affect the path followed on a log biomass-log density graph more when there is a distinct group of smaller plants, and secondly because in stands where old plants were dying and young being recruited, gaps and hence edges would be a natural part of the process.
Our data on frequency distributions of shoot weight also allow a few generalizations to be made about the influence of the thinning process on population structure, the reciprocal of the influence at which these experiments were primarily aimed. Two processes determine how population structure develops over time. The first is that mortality truncates the distribution from the left. The second process is that larger competitors tend to have higher relative growth rates than smaller ones, so the distribution of log weights becomes broader. The details of this process depend on the relationship at a time between relative growth rate and relative size, called a DMF (distribution-modifying function) by Westoby (1982) and a G(t, x) function by Hara (1984a, b) . The DMF relationships collected by Westoby (1984) mostly showed small-to-negligible relative growth rates over most of the smaller plants in the stand, and steeply increasing relative growth rates among the largest plants.
In the experiments reported here the consequence of these processes was that towards the end of experiments (Figs 1 and 4 and data from experiment 2 not reported here) population structures tended to span 2-3 orders of magnitude of shoot dry weight and to be roughly symmetrical on a log scale. Some histograms show one, some two and some three apparent peaks. We attribute this to the random effects of taking a finite sample from a broad, flat distribution, and do not consider our experiments show evidence of a bimodal distribution being developed. In all except one case, this population structure towards the end of the experiment represented a density of individuals all of which could have been (and probably were) derived from the first cohort of two-cohort treatments. The exception was the last harvest of treatment C in experiment 6 (Fig. 4) , and in this case the remains of the second cohort is quite apparent as a peak of smaller plants in the frequency distribution.
It would seem, then, that during thinning, stands develop a population structure which is roughly symmetrical on a log scale and about 2-3 orders of magnitude of weight in breadth. This persists due to a balance between the broadening effects of the relative growth rate advantage of larger plants, and truncation from the left by mortality. Stands with different initial structures converge towards this condition, either because distinct groups of smaller plants are eliminated, or because groups which are initially distinct but less than about 100-fold different in mean weight tend to merge. Distinct groups of smaller plants are not eliminated any faster than are plants on the leftwards side of this broad distribution.
